Processing of Visually Presented Sentences in Mandarin and
Introduction the experiment. A second factor that has not been consistently controlled in previous studies is the relative The goal of this study was to elucidate the functional fluency of the subjects in the second language (L2). anatomy of Mandarin and English written sentence comIn this study, we presented sentences visually to fluent prehension in bilinguals using functional magnetic resoEnglish-Mandarin bilinguals, probed for comprehension nance imaging (fMRI). Specifically, we wanted to deterfollowing each presentation (Just et al., 1996; Keller et mine if differences in the surface features (orthography, al., 1998, Neuroimage, abstract), and analyzed individuphonology, and syntax) of different languages affect als' activations in both languages. We presented English their cerebral organization at the sentence level of proand Mandarin sentences because these languages difcessing.
fer in orthography, phonology, and syntax. By selecting Separate lexicons (repositories for information about proficient bilinguals exposed to both languages early in words) for the two languages have been demonstrated life, we sought to minimize the effects of age of acquisition of L2 (Weber-Fox and Neville, 1997; Neville and Bavelier, 1998) and language proficiency (Perani et al.,
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1998) so that any topographical differences in activation well as to control for motor processes involved in responding to the stimuli.
Behavioral Data
Accuracy and reaction time data were analyzed using SPSS 8.0 (SPSS, Chicago, Illinois) and Statview 4.5 (Abacus Concepts, Berkeley, California). Language (English or Mandarin) and clause (first or second) were the two factors used in the analysis. Means and standard deviations for reaction times and accuracy for each experiment are shown in Table 1 . Figures 2 and 3 ). that the sentence task was of comparable difficulty in Frontal activations were robust. All subjects showed both languages. In the first set of fMRI experiments, activations in the superior portions of BA 44, 45 in the sentence-probe pairs ( Figure 1 ) were presented at fixed upper part of the inferior frontal gyrus or the middle intervals within alternating English and Mandarin blocks. frontal gyrus (BA 9). The question either probed the first or the second clause Temporal lobe activations were seen in seven out of of the presented sentence. Fixation served as the basenine subjects. Six subjects activated the left posterior line condition. The comparison of sentence task and superior temporal gyrus and/or the middle temporal gyfixation was intended to engage the entire set of prorus with extension into the supramarginal or angular cesses related to sentence processing. In the second gyri. In addition, three subjects showed activations in set of fMRI experiments, the duration of presentation the anterior temporal pole. Left inferior temporal regions for the stimulus and control blocks was lengthened.
were revealed in five subjects. Prefrontal activations Probe questions tested either clause. A new control task were more extensive than temporal activations but the using Tamil-like pseudo-characters was implemented.
latter were more biased toward the left hemisphere. This was expected to markedly reduce activations related to early visual processing of word-like stimuli as
The use of a lower statistical threshold (Z score, 3.5 instead of 5.0) showed an increase in extent of activated in the location or extent of activation appeared in the language versus fixation or language versus pseudoareas (Figures 2 and 5A ). This effect was more pronounced in the right hemisphere and caused a shift in word control conditions. The frontal AIs between English and Mandarin were highly correlated across subjects the asymmetry index (AI) ( Table 3) .
(Pearson correlation coefficient ϭ 0.85, Experiment 1) and across both languages.
Activations Occurring during Sentence
Our initial analysis was based on a Z score threshold Interpretation versus Tamil-like Strings of 5 in order to minimize false positives (fortuitous, nonAs expected from controlling low-level perceptual protask-locked variations in MR signal; "rim" artifacts from cesses, occipital activations were reduced but not commotion; activations within ghosts). Some of these artipletely suppressed. With minor variations, activations facts were seen at the Z score 3.5 level (Figure 4 ; inferior of the frontal and temporal areas were similar in spatial slices in HT and AV show ghost artifacts anterior to location to those described in the first experiment (Figthe frontal regions) . To deal with concerns that subtle ures 4 and 5A). Experiment 2 was associated with differences in activation between languages might be greater left hemisphere bias of frontal and temporal actiobscured, maps with the lower threshold are shown. vations compared to Experiment 1 (Table 3) . The pooled Importantly, lowering the detection threshold to 3.5 did data had a frontal AI of 0.97 for Mandarin and 0.99 for not uncover significant intrahemispheric or interhemiEnglish at a Z score threshold of 5.0. The corresponding spheric differences in activations between the lanAIs for Experiment 1 were 0.73 and 0.67.
guages.
Extent of Overlap of Activations and Direct Comparison between English Effect of Pooling of Baseline Epochs
Fixation periods were pooled with a view to increase and Mandarin At both individual and pooled data levels, activations the number of signal samples related to this baseline period. To allay concerns that signals from the fixation in the prefrontal and temporal regions overlapped extensively during English and Mandarin sentence comperiod following each language task are not equivalent, we compared activation maps for English versus fixation prehension in both experiments (Tables 2 and 3 network recruited to process sentences increases with more dependent on context and working memory compared to English. The task we used employed conceptutask complexity (Just et al., 1996) .
In Experiment 1, where fixation was the control, we ally similar stimuli across languages. Finally, online monitoring of performance was carried out to ensure that had intended to uncover differences in the early phases of letter or character recognition. We did not find differthe subject performed the task in the desired language. Taken together, these points allow us to argue more ences, perhaps because of the choice of imaging plane. Alternatively, word or word-like stimuli may activate the convincingly that the areas of common brain activation seen in the present study reflect common conceptual inferior temporal region irrespective of orthography as suggested by a magnetoencephalography (MEG) study processing across languages rather than processing of shared surface features. The use of fMRI allowed the of Kanji and Kana (Koyama et al., 1998). In Experiment 2, we sought to control for perceptual processes related study of intraindividual activations as distinct from the pooled data set used in the positron emission tomograto character or word recognition and motor aspects of responding to the probe question. show right in addition to left hemisphere activations in subjects who learned ASL early but not later in life. These Chinese-English bilinguals have been shown to recognize code-switched words as quickly as monolingual findings imply that cerebral organization for language may be determined by the structure and processing English speakers (Li, 1996) . Bilingual Stroop experiments show that picture naming in L1 is interfered with requirements of the language and that these are modulated by age of acquisition (Bavelier et al., 1998a, 1998b) . by the superimposition of an L2 distracter word on the picture (Smith and Kirsner, 1991; Smith, 1997). These
We selected subjects exposed to Mandarin early in life Image Processing and Data Analysis An inherent difficulty of EPI imaging sequences is that a phase difference and relative k-space shift of even and odd gradient echFor Mandarin, a similar organization of sentence and probe was oes arises from the time reversal of alternate k-space lines due used. Probe questions were based on the first clause (the minister to opposite polarities of the readout gradients. This results in the gave the speech) or the second clause (the speech angered the appearance of ghost images, shifted by one half of the field of view reporter) and were counterbalanced. The number of true and false in the phase-encoding direction. As the ghosts interfere with the responses was also counterbalanced. Sentences were randomized original image and cause loss of amplitude, a phase correction was within 30 s blocks comprising five sentence-probe pairs. Each senapplied to suppress them (Buonocore and Gao, 1997; Hennel, 1998). tence was presented for 3 s followed by a 0.5 s fixation interval and In this technique, the reconstructed EPI image was decomposed each probe for 2 s followed by a 0.5 s fixation interval (Figure 1) . into a sum of two complex images, one reconstructed from the odd The short timing was intended to reduce the likelihood of translation lines of k-space and another from the even lines. Phase errors were during task performance. Four blocks of sentences were presented extracted from pixels in the nonoverlapping regions of the parent in each of six trials ("runs"). Blocks of English sentences and Mandaimage and used for reduction of the ghost artifacts. rin sentences were alternated and the order of presentation was Images were subsequently processed using MedX 2.11/3.0 (Sencounterbalanced across runs. Across languages, semantically sor Systems, Bethesda, MD). Rigid body motion correction was matched sentences were used. As such, the second half of each performed using automated image registration (AIR) (Woods et al., experiment used stimuli that were translated versions of those pre-1992). To reduce the effect of variation of MR signal between runs, sented previously. There was a two-run separation between crossthe resulting motion-corrected images were globally normalized to language repetition of stimuli.
an empirically determined median value of 6500 units. Thirteen right-handed subjects (20-26 years of age) who gave To facilitate coregistration of the EPI images with the high-resoluwritten consent participated in Experiment 1. The language backtion anatomical image, removal of the skull and dura were performed grounds and fluency in both languages of these subjects were simiwith a semi-automated segmentation utility. The resultant images lar to that of the behavioral pilot study. Of the original thirteen, three were transformed into Talairach space (Talairach and Tournoux, subjects were rejected as a result of failure to meet the accuracy 1988) using a linear scaling method, and the transformation matrix of response criteria. One subject had exclusively right hemisphere was saved. The first time point of the normalized, motion-corrected activations (which overlapped across languages as well). We omitimages was then registered to the high-resolution, skull-stripped ted this subject as we wish to discuss her in a separate communicaanatomical image using AIR. The transformation matrix for this protion. Nine subjects were finally analyzed. Sentence stimuli were cedure was again saved. presented through a fiber-optic projector system (Avotec, Jensen Functional images were separated into English, Mandarin, and Beach, FL). The stimuli used in Experiment 1 were identical to those fixation groups. Images were shifted 4 s to allow for a time lag in used in the behavioral study (Figure 1, top) . the rise of blood oxygen level-dependent (BOLD) signal following A two-button mouse was used to collect behavioral data concurpresentation of word stimuli. Unpaired t tests were then applied to rent with imaging. The physical set up of the response system was the groups of images. Three comparisons using a boxcar function the cause for the slight delay in responses collected from the scanto model subject responses were made: English sentences versus ner compared to the behavioral study. This problem was corrected fixation, Mandarin versus fixation, and English versus Mandarin. We in Experiment 2.
cross-checked the activation maps derived from pooling fixation epochs by comparing these with maps separately derived from comparing task-related signals against epochs of fixation preceding Experiment 2 and following each task. A Gaussianized t test was used to compute Five subjects (18-22 years of age) participated in this experiment, Z maps, and Z score thresholds of 3.5 and 5 were used to generate two of whom had previously participated in Experiment 1. The time activation maps. Activated voxels in regions of interest were interval between the second and first experiments was more than checked to see if there was an appropriate time-locked variation a month in each of the repeated subjects. The stimuli used were in MR signal in relation to stimulus presentation. The somewhat identical with the previous experiment except for three modifications conservative Z score threshold of 5 was initially used in order to (Figure 1, bottom) . These modifications sought to reduce contribuminimize false-positive activations. Concern that this would obscure tions from early visual processing and to counter concern that subsubtle differences in across-language activations persuaded us to stantial semantic processing can occur during "neutral" tasks like use a lower threshold of 3.5. Z score maps were transformed into fixation (Binder et al., 1999) . A control task involving a string of Talairach space and coregistered with the high-resolution anatominonsense Tamil characters and a "probe question" comprising noncal images. Averaging Talairach-transformed statistical and strucsense Tamil characters was implemented. Subjects were asked to tural images from each subject separately and then recomputing scan the Tamil-like pseudo-characters as if reading them and the statistical map created pooled activation maps. to respond with alternating left and right mouse button presses to A peak detection routine within MedX was used to determine successive "probe questions." Care was taken to ensure that all activation maxima. Peaks within the frontal and temporal areas on scripts subtended the same visual angle in the vertical direction. the left hemisphere were tabulated to give an idea of the extent of The control task appeared for 40 s. Blocks containing sentence coactivation of brain areas in the two languages. stimuli were increased in duration from 30 to 60 s. In contrast to Voxels exceeding a statistical threshold of Z ϭ 3.5 and 5 in the Experiment 1, probes on the first and second clause of each senlateral frontal regions were counted. This included frontal activations tence were randomized within the same block. in Brodmann's areas 47, 44, 45, 9, and 6. An AI (Binder et al., 1996) of activated voxels in the frontal region was calculated for each language. Correlation was computed between English and Mandarin Apparatus and Scanning Procedure AIs for Experiment 1. Scanning was performed in a 2.0T Bruker Tomikon S200 system (Bruker, Ettlingen, Germany) fitted with a 30 mT/m gradient system. tem. Robert Savoy assisted in the design of the subject response High-resolution, T1-weighted anatomical reference images were obunit. Jia Jia Hoon and Marilyn Chee helped run experiments and tained as a set of 128 contiguous axial slices with a reformatted prepare the manuscript. We acknowledge the editor and anonymous matrix of 256 ϫ 256 pixels, using a 3D spoiled gradient-echo sereviewers for helpful suggestions and comments. quence. Head motion was reduced using a bite bar system (BIOMAT, Singapore).
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